A one-step formic acid-catalyzed organosolv process using a low-boiling point acid-solvent system was studied for fractionation of sugarcane bagasse. Compared to H 2 SO 4 , the use of formic acid as a promoter resulted in higher efficiency and selectivity on removals of hemicellulose and lignin with increased enzymatic digestibility of the cellulose-enriched solid fraction. The optimal condition from central composite design analysis was determined as 40 min residence time at 159 °C using water/ethanol/ethyl acetate/formic acid in the respective ratios of 43:20:16:21%v/v. Under this condition, a 94.6% recovery of cellulose was obtained in the solid with 80.2% cellulose content while 91.4 and 80.4% of hemicellulose and lignin were removed to the aqueous-alcohol-acid and ethyl acetate phases, respectively. Enzymatic hydrolysis of the solid yielded 84.5% glucose recovery compared to available glucan in the raw material. Physicochemical analysis revealed intact cellulose fibers with decreased crystallinity while the hemicellulose was partially recovered as mono-and oligomeric sugars. High-purity organosolv lignin with < 1% sugar cross-contamination was obtained with no major structural modification according to Fourier-transform infrared spectroscopy. The work represents an alternative process for efficient fractionation of lignocellulosic biomass in biorefineries.
Introduction
The negative impacts of fossil resources have stimulated interest in alternative renewable feedstocks, such as lignocellulosic plant biomass for platform industries. (Zhang et al. 2016a, b) . Lignocellulosic materials typically comprise three major biopolymers: (1) cellulose, a linear homopolymer of d-glucose linked by β-1,4-glycosidic linkages, organized into highly crystalline microfibers which are linked to (2) hemicellulose, an amorphous branched heteropolymer of pentoses, hexoses, and sugar acids, and (3) lignin, a heteropolymer of phenolic alcohols, which shields the polysaccharide fractions, giving strength to the plant cell wall (Fengel and Wegener 1984) . This complex, multi-component structure is highly recalcitrant to external physical, chemical, and biological attacks.
Integrated biorefinery is the industrial process in which biopolymers are separated and converted to biofuels and a spectrum of commodity and specialty compounds. Several processes have been developed for the initial step in the biorefinery of lignocellulosic biomass, in which lignocellulosic components are fractionated. The organosolv process 1 3 221 Page 2 of 14 uses solvents to solubilize and separate lignocellulose components, and is versatile to different types of biomass. Several organic solvents, such as alcohols (e.g., methanol and ethanol), esters, and ketones have been studied for pretreatment and fractionation of various lignocellulosic materials. The efficiency of separating different biopolymers varies among solvents. Selection of solvent systems with desirable properties and selectivity is thus the basis in developing an organosolv process (Katahira et al. 2014; Boeriu et al. 2014) .
The clean fractionation (CF) organosolv process uses a miscible ternary mixture of solvents comprising a shortchain alcohol, methylisobutylketone (MIBK) and water in the presence of sulfuric acid as a promoter. This process has been reported for one-step separation of lignocellulose components from a variety of feedstocks (Black et al. 1998; Bozell et al. 2011; Brudecki et al. 2013; Reisinger et al. 2014 ). In the CF process, the phase of immiscible solvent mixture is disturbed by the addition of water, which allows the separation of hemicellulose-derived products into the aqueous-alcohol fraction and lignin into the organic phase, while leaving the cellulose in the solid fraction. The removal of hemicellulose and lignin from the cellulose fraction increases enzymatic accessibility to the cellulose fibers, which increases the efficiency of enzymatic digestion (Sathitsuksanoh et al. 2012; Wildschut et al. 2013; Brudecki et al. 2013) . The CF process has later been modified by the use of alternative solvent systems Imman et al. 2015; Sun et al. 2015) and heterogenous promoters (Klamrassamee et al. 2013; .
Organic acids can play roles both as solvents and promoters in organosolv pretreatment processes (Sindhu et al. 2010; Qin et al. 2012; Snelders et al. 2014) . Compared with strong mineral acids, organic acids such as formic, acetic, and oxalic acids have less environmental impact and are easily recovered owing to their lower boiling points. Among various organic acids, formic acid is a weak acid with a low boiling point similar to water, allowing its recycling by evaporation (Lam et al. 2001; Zhang et al. 2010b; Du et al. 2016) . Formic acid has been tested for pretreatment and fractionation of various lignocellulosic materials (Zhang et al. 2010a; Yu et al. 2013; Snelders et al. 2014; Liu et al. 2016) . In this work, a modified one-step CF process is reported based on a low-boiling point formic acid-organic solvent system. The effects of varying key reaction parameters and solvent composition on the performance of the fractionation process in terms of yield and selectivity were investigated using a central composite design approach. Physicochemical properties of the separated biopolymer-derived fractions relevant to further processing and valorization were studied. The work provided an improved approach for biomass fractionation in integrated biorefineries.
Materials and methods

Materials
Sugarcane bagasse was obtained from PTT Global Chemicals PCL, Rayong, Thailand. It was dried at 70 °C for 24 h and cut by Retsch ZM200 into particles 0.5-0.85 mm in diameter. According to the standard NREL analysis (Sluiter et al. 2011) , the biomass contained 38.3 wt% cellulose, 20.7 wt% hemicelluloses, 24.6 wt% lignin, and 4.3 wt% ash. Cellic CTec2 cellulase was obtained from Novozymes A/S (Bagvaerd, Denmark). Analytical grade organic solvents and chemicals were purchased from major chemical suppliers, i.e., Sigma-Aldrich, Merck, and Fluka.
Biomass fractionation
The fractionation process in this study was modified from a previous report (Bozell et al. 2011 ). Reactions were performed in a 600-mL stainless steel high-pressure reactor equipped with a mixing system and a thermocouple for internal temperature measurement (Parr Reactor 4560, Parr instrument, Moline, IL, USA). The solvent ratio in the solvent mixture was set up according to the phase diagram to obtain a single-phase mixture (Lin et al. 2005) . The standard reaction contained 10 g of sugarcane bagasse and 100 mL of the single-phase solvent mixture containing 70-90% by volume of the conventional solvent mixture [water/ethanol/ethyl acetate (50:25:25% as the starting ratio)] and 10-30% by volume of formic acid. Nitrogen was flowed into the reactor for purging and adjusting the initial pressure to 20 bar. The reaction was heated to the desired temperature (140-180 °C) for a specified residence time (20-60 min) in a temperaturecontrolled jacket with stirring at 100 rpm. The reaction was quenched in a water bath after heating under the desired conditions. The solid cellulose-enriched fraction was separated by filtration on filter paper (Whatman No. 4) using a Büchner funnel and washed with 25 mL of ethyl acetate and then 50 mL of water. The liquid fraction was combined with the rinsate and placed into a separatory funnel. Water was added (approximately 40 mL) to the aqueous-organic fraction until phase separation was achieved. The mixture was stirred and then placed at room temperature for 20 min for complete phase separation. The aqueous phase containing hemicelluloses and soluble products was recovered. The separated organic phase was dried at 105 °C to obtain lignin. The diagram showing the overall process with acid and solvent recoveries is shown in Fig. S1 . The chemical composition of the solid fraction was determined according to the NREL method (Sluiter et al. 2011) . Cellulose yield was defined as the percentage of cellulose recovered in the separated solid fraction compared with its initial content in buffer, pH 4.8 and 0.25% w/v sodium azide with 15 FPU/g Cellic Ctec2 (Novozymes A/S, Bagvaerd, Denmark). The reactions were incubated at 50 °C for 72 h with vertical rotation at 30 rpm. Hydrolysis experiments were performed in duplicate. Profiles of released sugars were analyzed on a high performance liquid chromatograph (LDC Model 4100, Shimadzu, Kyoto, Japan) equipped with a refractive index detector and an Aminex HPX-87H column (Bio-Rad, Hercules, CA, USA) operating at 65 °C with 5 mM H 2 SO 4 as the mobile phase at a flow rate of 0.5 mL/min. Biomass digestibility was defined as the amount of sugars obtained from the enzymatic hydrolysis reaction based on the fractionated biomass used as the substrate. Glucose recovery was calculated as the percentage of glucose recovered from the theoretical available glucose in the native biomass (cellulose × 1.11) on a weight basis (Eq. 6): the native biomass (Eq. 1). Cellulose purity was defined as the percentage of relative content of cellulose to other components in the separated solid fraction (Eq. 2). Hemicellulose solubilization efficiency was determined based on the remaining hemicellulose in the solid residues compared with their respective content in the native bagasse (Eq. 3). Lignin removal was determined based on the remaining lignin in solid pulp compared with the lignin content in raw material on a weight basis (Eq. 4). Lignin recovery was based on the weight of lignin recovered from the organic phase after evaporation of the organic solvent compared with the lignin content in the raw material (Eq. 5).
(1)
Cellulose yield(%) = (cellulose remaining in solid pulp (mg)) cellulose content in raw bagasse (mg) × 100
(2)
Cellulose purity(%) = (cellulose remaining in solid pulp (mg)) total weight of solid pulp (mg) × 100
(3)
Hemicellulose solubilization (%) = (hemicellulose content in raw bagasse − hemicellulose remaining in solid pulp (mg)) hemicellulose content in raw bagasse (mg) × 100
(4) Lignin removal(%) = (lignin content in raw bagasse − lignin remaining in solid pulp (mg)) lignin content in raw bagasse (mg) × 100
(5) Lignin recovery (%) = (lignin recovered from organic phase (mg)) lignin content in raw bagasse (mg) × 100
Enzymatic hydrolysis
Enzymatic hydrolysis reactions (1 mL) contained 5% (w/v) fractionated solid as a substrate in 50 mM sodium citrate 
Central composite design
The effects of selected reaction components and conditions on fractionation efficiency and selectivity were studied and optimized using central composite design (CCD) with four independent variables and five coded levels (− 2, − 1, 0, 1, 2 where Y is the predicted response; n is the number of factors; x i and x j are the coded variables; b 0 is the offset term; b i , b ii , and b ij are the first-order, quadratic, and interaction effects, respectively; i and j are the index numbers for factor; and e i is the residual error.
Analysis of solid fraction
The microstructure of bagasse samples and remaining solid obtained from all optimal conditions was analyzed by scanning electron microscopy (JSM-6301F, JEOL, Japan) with electron beam energy of 20 kV. The samples were dried and coated with gold for SEM analysis. The degree of crystallinity of the untreated and pretreated bagasse samples was measured using an X-ray diffraction (XRD) instrument (JDX-3530, JEOL, Japan) with Cu Kα radiation source at 40 kV and 30 mA. Samples were scanned at a speed of 1°/ min, ranging from 2θ = 5°-40°, and a step size of 0.004° at room temperature. Crystallinity index (CrI) was calculated according to the following equation (Segal et al. 1959) .
where I 002 is the scattered intensity at the main peak of cellulose, which typically lies around the 002 plane, and I am is the scattered intensity of amorphous portion evaluated as the minimum intensity diffraction between the main and secondary (101 and 002) planes.
Analysis of aqueous fraction
Soluble product profiles in the aqueous fraction were analyzed on a high performance liquid chromatograph (LDC Model 4100, Shimadzu, Kyoto, Japan) equipped with a refractive index and a UV-Vis detector and an Aminex HPX-87H column (Bio-Rad, Hercules, CA, USA) operating at 65 °C with 5 mM H 2 SO 4 as the mobile phase at a flow rate of 0.5 mL/min. The amount of oligosaccharides was determined according to the NREL method (Sluiter et al. 2008 , NREL/TP-510-42623).
Lignin characterization
Klason lignin
Lignin composition recovered from the organic phase was determined based on the Klason lignin content according to the method of laboratory analytical procedure provided by the National Renewable Energy Laboratory (NREL) (Sluiter et al. 2011 ).
Molecular weight determination
The molecular weight of the extracted lignin was determined by size exclusion chromatography. The samples were solubilized in tetrahydrofuran (THF) at a concentration of 0.2 mg/mL and analyzed on a high performance liquid chromatograph (HPLC) (WATER e2695, Waters, MA, USA) equipped with an Agilent PLgel 10 um MIXED-B column.
The mobile phase was THF with the flow rate of 0.5 mL/ min. The temperature of column was maintained at 30 °C. Sodium polystyrene sulphonate standards with molecular weights 1530, 4950, 16,600, and 34,700 g/mol were used to prepare a standard calibration curve. Weight average molecular weight (Mw) and number average molecular weight (Mn) were determined from the standard curve.
Fourier-transform infrared spectroscopy (FT-IR)
Chemical characteristics of the extracted lignin were determined by FT-IR on a Perkin-Elmer System 2000 (PerkinElmer, Waltham, MA, USA). The samples were prepared by the KBr pellet method. The measurement resolution was set at 4 cm −1 with a mirror velocity of 0.6329 cm/s. Infrared spectra were collected in the range 4000-400 cm −1 with 64 co-added scans. Peaks for lignin were compared with the standards of functional groups.
Results and discussion
Comparison of acid promoters in the fractionation process
The use of organic acids as promoters in the CF-based fractionation process was studied. The efficiency of formic acid (pKa 3.77) and acetic acid (pKa 4.76) was compared with H 2 SO 4 (0.025 M), a conventional strong acid used in the CF process. The final concentration of formic and acetic acids was 20% v/v, equivalent to 0.025 and 0.008 M H 3 O + , respectively. Different acid promoters were tested and compared under fixed conditions of reaction temperature, solid loading and solvent systems based on previous reports (Klamrassamee et al. 2013; Imman et al. 2015) . The fractionation process using acid promoters enhanced the solubilization of hemicellulose and lignin fractions from the native bagasse to varying degrees compared with the control reaction with no acid promoters, which showed markedly lower solubilization of the hemicellulose and lignin from the raw material (Fig. 1) . The use of formic acid led to greater release of hemicellulose and lignin from the biomass compared with acetic acid and H 2 SO 4 , particularly at 140 °C. Increasing the temperature up to 180 °C led to lower weight recovery of the residual solid, together with increasing removals of hemicellulose and lignin, leading to respective increase in cellulose purity in the solid fraction.
The native biomass was recalcitrant to enzymatic hydrolysis, resulting in a low sugar yield (66.1 mg/g). In contrast, fractionated cellulose-enriched pulp showed a marked increase in polysaccharide digestibility (Fig. 1) . The highest levels of biomass digestibility and glucose recovery were achieved at 160 °C in the reaction containing formic acid, whereas the glucose recovery tended to decrease with increasing temperature owing to the greater loss of cellulose from hydrolysis. We did not test reaction temperatures greater than 180 °C, since degradation of sugar products to inhibitory by-products in the liquid phase was significant at this temperature. The highest digestibility of 601.3 mg/g pretreated biomass and a glucose recovery of 68.1% from the native biomass were achieved using formic acid at 160 °C. These results thus demonstrate the superior performance of formic acid as a promoter compared with H 2 SO 4 and acetic acid, in terms of fractionation efficiency and enzymatic digestibility of the cellulose-enriched fractions. 
Influences of reaction variables
The effects of reaction variables (temperature, time, concentration of acid, and ethyl acetate content) previously reported to influence reaction selectivity and efficiency were studied using CCD with four target responses considered:cellulose yield and selectivity, hemicellulose solubilization, lignin removal, and glucose recovery. These responses were calculated from the measured composition in the solid fraction and glucose recovery from the enzymatic hydrolysis step (Table 2; Table S1 ).
Cellulose yield and selectivity
Recovery of cellulose in the solid fraction depends on weight recovery of the solid pulp and its cellulose content. Overall, increasing temperature led to marked decreases in the pulp yield, whereas varying the time and formic acid content had a less marked effect (Fig. 2a) . The solid recovery was in the range of 42.2-54.8% on a weight basis, equivalent to the cellulose yield of 81.6-99.7%. Increasing reaction severity, i.e., higher temperature and formic acid concentration resulted in lower pulp yield and higher cellulose decomposition. The cellulose purity in the solid fraction was in the range of 68.9-81.8% (Fig. 2b) , with the highest purity in run 7 (Table 2) .
Hemicellulose solubilization
The efficiency of hemicellulose solubilization ranged from 71.0 to 95.2% (w/w) and showed an inversed trend to pulp yield recovered (Fig. 2c) . The maximal hemicellulose solubilization was found in run no. 19, which was carried out at the highest temperature (180 °C), formic acid concentration Table 2 ). The negative effect of ethyl acetate on solubilization efficiency can be attributed to the lower polarity of this compound compared with water and ethanol in the solvent mixture.
Lignin removal
The degree on lignin removal was in the range of 64.0-85.4% (w/w) ( Table 2 ). According to the response surface (Fig. 2d) , increasing the temperature and the concentration of formic acid showed strong positive effect on lignin removal efficiency, whereas the influence of time and ethyl acetate content on lignin removal was less marked. The highest lignin removal was found in run no.17 under operation conditions of 170 °C, 50 min residence time, 25% formic acid and 30% ethyl acetate. Under this condition, a lignin recovery of 1.90 g from 10 g of the starting material was obtained, (Table S1 ).
Glucose recovery
Recovery of glucose after enzymatic hydrolysis is dependent on the digestibility of fractionated solid and weight recovery of the solid pulp. The cellulose-enriched solid was highly susceptible to enzymatic hydrolysis, in which the level of released glucose varied from 560.9 to 773.6 mg/g pretreated biomass (Fig. 2e) , which corresponded to a glucose recovery of 70.7-85.0% (w/w) of theoretical glucose content based on available cellulose in the native biomass. Increasing temperature, time and concentration of formic acid showed positive influence on enzymatic digestibility of the biomass, albeit with decreasing pulp yield. The highest glucose yield was observed in run no. 24 (Table 2) .
Influences of single and interactive effects on the reaction performance and selectivity were evaluated using multiple regression analysis (Table 3) . When considering linear terms, temperature, concentration of formic acid, and reaction time were significant for cellulose recovery, whereas ethyl acetate content was not significant. All four variables significantly influenced hemicellulose removal. Temperature and formic acid concentration were significant for lignin removal efficiency and only time was significant for glucose recovery. Among quadratic terms, temperature × temperature was significant for all responses and %formic acid × %formic acid was significant for glucose recovery. None of the interaction terms were significant. 
Optimization of reaction parameters
Model equations for all target responses are shown in Table 4 . Based on the effect estimates for the final regression model, the reaction parameters optimized for maximization of individual responses are shown in Table 5 . The highest theoretical cellulose recovery of 99.7% was predicted to occur at 140 °C, 40 min residence time, ethyl acetate content of 25% in the ternary mixture and 20% formic acid. The maximum efficiency of 93.5% hemicellulose solubilization was predicted at 168.5 °C, 46.7 min, 13.4% ethyl acetate in the ternary mixture, and 11.7% formic acid. Higher ethyl acetate and acid contents were needed for maximum removal of lignin (85.2%). The maximum glucose recovery of 86.2% was predicted under milder conditions, i.e., lower temperature and ethyl acetate ratio with a shorter residence time.
The experimental results for all responses were within 2% of the predicted values, validating the accuracy of model equations.
The optimal conditions according to the following criteria: glucose recovery > 80%; lignin removal > 80% and hemicellulose removal > 90% were sought, which would be of practical value in the CF process in order to obtain a high conversion of cellulose to sugars while still achieve high recoveries of hemicellulose-derived products and lignin in the aqueous and organic phases, respectively. According to the regression model analysis, the optimal conditions under these requirements were predicted at 159 °C for 40 min residence time using 21% v/v formic acid, and 79% v/v of the ternary mixture comprising 20% ethyl acetate, 55%v/v water, and 25% ethanol, equivalent to the water/ethanol/ ethyl acetate/formic acid ratios of 43:20:16:21 in the final solvent. Under this condition, the predicted maximum glucose yield, hemicellulose and lignin removal efficiencies were 84.5, 91.4 and 80.4%, respectively. The experimentally determined values under this condition (82.9% glucose recovery, 89.6 and 80.9% hemicellulose and lignin removal efficiencies, respectively) were close to the predicted values, verifying the accuracy of the model equation. The total mass balance under the optimal condition is demonstrated in Fig. S2 .
Characterization of fractionated products
The physical characteristics and chemical properties of the fractionated cellulose, hemicellulose, and lignin obtained from the modified CF process under the optimal condition were determined.
Cellulose-enriched solid fraction
The physicochemical properties of the solid pulps were determined using SEM and XRD. The surface of native bagasse was covered by a waxy layer and embedded matrix components (Fig. 3A1, A2 ).The fractionation process led to disruption of the biomass surface and microstructure, as shown by the removal of covered waxy materials together with the associated hemicellulose and lignin, resulting in Fig. 4 Fourier-transform infrared spectroscopy (FT-IR) spectra of lignin recovered from the fractionation process under the optimal conditions compared with commercial organosolv-extracted lignin highly pure cellulose fibers as seen in the samples of fractionated solid (Fig. 3B1, B2 ). The observation of distinct cellulose fibers explains the greater digestibility of fractionated solid compared with the native biomass. Crystallinity of the solid fraction was examined using XRD. For all samples, broad peaks were demonstrated at approximately 16° and 22.5°. The crystallinity of fractionated cellulose solid showed decreased CrI (67.09%) compared with the native biomass (72.83%).
Hemicellulose-derived products in the aqueous phase
The aqueous fraction contained hemicellulose-derived products as the main components. Nearly half of the hemicellulose (48.5% of the available hemicellulose content in the starting material) was recovered as monomeric sugars (70.8 mg/g) and oligosaccharides (42.9 mg/g) based on a weight basis of the starting material under the optimal condition. According to the data in supplementary data Fig, S2 , pentoses were found as the major sugars (86.84%), followed by hexoses (13.16%). Low levels of furan products from sugar dehydration were found (furfural, 9.75 mg/g biomass and 5-hydroxymethyl furfural, 2.4 mg/g biomass), suggesting less than 10.68% conversion of sugar products to furan compounds.
Lignin recovered from the organic phase
Efficient recovery of lignin removed from the biomass during the organosolv process is important, because the lignin from organosolv has a high purity and can be converted to value-added products (Käldström et al. 2014; Li and McDonald 2014) . The fractionated lignin product recovered from the organic phase contained 89.6% Klason lignin with 0.76% acid soluble lignin (Table S2) . Cross-contamination of sugar (< 1%) and ash (0.16%) was negligible under this experimental condition. The recovered lignin had a weight average molecular weight (M w ) of 2727 g/mol and a number average molecular weight (M n ) of 1640 g/mol, and hence a polydispersity (M w /M n ) of 1.663. This result suggested the lignin product molecules had a non-uniform distribution of molecular weight.
The fractionated lignin product showed a similar FT-IR spectra to commercial organosolv-extracted lignin (Fig. 4) . The FT-IR spectra showed the vibration of O-H stretching at 3433 cm −1 and the signal at 2940 and 2892 cm −1 , which are attributed to CH vibrational stretching in CH 2 and CH 3 groups. The characteristic signal of carbonyl group stretching is observed at 1720 cm −1 . Strong signals at 1600, 1513, and 1424 cm −1 are assigned to aromatic skeleton vibrations in lignin. The signal at 1460 cm −1 corresponds to CH formation and bonding of methoxyl in lignin. The signal at 1168 cm −1 suggests a conjugated carbonyl group.
In addition, the signals at 1266 and 1044 cm −1 are associated with guaiacyl (G) units, while syringyl (S) unit signals were observed at 1329 and 1139 cm −1 . The signal at 834 cm −1 is attributed to C-H out of plane deformation. The results thus indicated no major chemical modification of the lignin structure occurred during the CF process.
Comparison of fractionated products from CF with formic acid promoter with previous reports
Based on the method developed in this study, a highly cellulose-enriched solid fraction with 81.8% purity with marked improvement in enzymatic digestibility was obtained with high recovery (91-99%) which was relatively high compared to previous works using the conventional CF-based processes (Imman et al. 2015) . The glucose recovery achieved using the modified CF-based process with formic acid in this study (84.5%) was higher than the previously reported value using CF-based process of prairie cordgrass with the same solvent system from which 74.9% glucose recovery was obtained . Moreover, cellulose and sugar recoveries in the modified CF process in this study are higher than that obtained by other methods such as hydrothermal, steam explosion, ionic liquid and alkaline pretreatment applied to different types of materials, e.g., bamboo, rapeseed straw, giant reed and mixed softwood (Xiao et al. 2014; Lopez-Linares et al. 2015; Trinh et al. 2015; Jiang et al. 2016) . The markedly high cellulose content of the solid fraction makes it promising for further processing to make microcrystalline cellulose and nanocellulose (Gilfillan et al. 2014; Hgaderi et al. 2014; de Oliveira et al. 2016) , in addition to conversion to sugars for further fermentation to biofuels and commodity chemicals Li et al. 2017a , b, Li et al. 2017b ). The CF process allows efficient solubilization of hemicellulose and removal of lignin into the aqueous and organic phases, respectively. The efficiencies of removing these non-cellulosic components in this study were higher than those previously reported using hydrothermal and organosolv processes (Koo et al. 2011; Hi et al. 2012; Amiri and Karimi 2015) . Nearly 90% of the hemicellulose was solubilized under the optimized reaction conditions in this study, which is comparable to that obtained using conventional CFbased processes on different lignocellulosic materials, i.e., eucalyptus wood chip and rice straw (Klamrassamee et al. 2013; Imman et al. 2015) . The level of furans generated as dehydration products in this study were slightly higher than the tolerable level for yeast fermentation (0.5 g/L) (Klinke et al. 2004 ). The hemicellulose fraction can be further detoxified (Villarreal et al. 2006) , or purified by chromatography (Bozell et al. 2011 ) and used as a substrate for fermentation to valorized chemicals, e.g., xylitol (Jia et al. 2016) , or it can be directly dehydrated to furfural (Qing et al. 2017) .
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The degree on lignin removal obtained in this work was in the same range as that reported previously using a H 2 SO 4 catalyzed CF-based fractionation of prairie cordgrass ) and higher than that reported for fractionation of corn stover and wheat straw using organosolv processes, which were in the range of 65-75% (Wildschut et al. 2013; Yu et al. 2013; Chen et al. 2015) . Furthermore, the level of lignin removal in this study is comparable to that obtained for fractionation of wood lignocellulosic materials using a combination of organosolv and autohydrolysis treatments (Garcia et al. 2011; Romani et al. 2011) . The lignin obtained in this study was not chemically modified and had a remarkably high purity, with very low cross-contamination by polysaccharide-derived products and ash. Ash was reported as a contaminant in Kraft lignin (Hussin et al. 2015) , and sulfur adducts to lignin could be resulted from the conventional H 2 SO 4 -catalyzed CF process (Gellerstedt 2015; Faris et al. 2017) . The high quality lignin obtained by CF with formic acid promoter is thus suitable for conversion to higher valued products such as lignin carbon fiber (Meek et al. 2016 ) and phenolic products (Long et al. 2014; Kim et al. 2017 ).
The role of formic acid in the CF process
According to our study, the use of aqueous formic acid in the solvent mixture allowed high efficiency and selectivity of the reaction which was reflected in the high yield and purity of the fractionated products compared to selected strong acid (H 2 SO 4 ) and weak acid (acetic acid). Formic acid can be considered to function as an acid promoter and a solvent in the CF solvent mixture. It is assumed that the formic acid-catalyzed organosolv process involves the hydrolysis of ether and ester bonds of the α-carbons units between hemicellulose and lignin linkages (Zhao et al. 2009 ). The use of aqueous formic acid in organosolv has been shown to increase the rate of cleavage of α-and β-ether linkages in lignin (McDonough 1993) and resulted in the dissolution of lignin fragments with lower molecular weights (Zhang et al. 2016a, b) . This can result in increase xylan dissolution under hydrothermal conditions (Ma et al. 2015) .
Formic acid is a weak organic acid widely used in many industries. It has a lower b.p. than H 2 SO 4 (100.8 and 337 °C, respectively). Moreover, formic acid is miscible with water and alcohols and can be recovered by evaporation under a depressurized condition (Li et al. 2015) . It is also minimally corrosive to industrial equipment and its use in industrial processes incurs a low cost for waste treatment. Although formic acid is considered inhibitory to growth of fermenting microorganisms, this can be solved by an additional washing step after the fractionation process. The level of formic acid remaining in the solid biomass in our study (0.007 g/L, data not shown) is below the growth inhibitory level for Saccharomyces cerevisiae (Klinke et al. 2004; Cantarella et al. 2004) .
Application of organic acids, e.g., formic acid and acetic acid as the sole solvent or as mixtures in organosolv fractionation of lignocellulosic biomass in the presence or absence of strong acid promoters has been reported (Snelders et al. 2014; Ferrer et al. 2013; Vanderghem et al. 2012) . Shui et al. reported the use of an aqueous acetic/formic acid mixture in the presence of strong acids, e.g., HCl or H 2 SO 4 for fractionation of crude cellulose from corn stalk with efficient removal of hemicellulose and separation of lignin (Shui et al. 2016) . Formic acid in the presence of HCl as a promoter has also been used for hydrolysis of hemicellulose, and swelling cellulose fibers in preparation of cellulose nanocrystals from chemical bleached pulp (Li et al. 2015) . The formic acid used in the process could be recovered by vacuum distillation with the recovery rate of > 90%.The Formiline process using formic acid as delignification agent has been reported (Zhao and Liu 2012) . The spent liquor could be efficiently recycling in subsequent batches with a slightly decreasing trend in performance of the reaction. The delignified solids from sugarcane bagasse and wheat straw were shown to improve enzymatic digestibility and could be used as substrates for fermentation (Chen et al. 2015, Zhao and .
In our study, the use of formic acid with the solvent mixture in the CF process resulted in a miscible solvent with low boiling point (≤ 100 °C) with homogeneous solution properties which can be easily recovered using evaporation under depressurized condition compared to the conventional MIBK/ROH/H 2 O system. Composition of the respective solvents was shown to influence the reaction efficiency and selectivity. Increasing water content was found to increase removal efficiency of hemicelluloses. This can be relevant to the high solubility of hemicellulose and its derived products in water under pressurized and high temperature conditions where water is also auto-ionized to protonated form (Hongdan et al. 2013) . The ability of ethyl acetate [referred from Hildebrand parameter, 18.6 (J/cm 3 ) −1/2 ] is suitable for solubilized of lignin fraction, as its solubility parameter approach a value of around 22.5 (J/cm 3 ) −1/2 (Zhao et al. 2017) . The use of ethyl acetate as an alternative solvent was also reported to reduce the unwanted side condensation reaction of lignin due to incomplete drying of the organic fraction which can lead to the formation of pseudo-lignin higher-molecular-weight lignin ). However, side hydrolysis reaction of ethyl acetate to acetic acid in the presence of acid promoter needed to be considered.
